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PATTERNS OF CONSTRAINED PARTICLE SETTLING IN WATER MINERAL

SUSPENSIONS OF DIFFERENT DENSITIES
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Abstract. The settling velocity of particles in mineral suspensions is a crucial parameter for calculating the design
of various hydraulic devices and equipment used for mineral pulp benefication. In studies of gravity separation of hetero-
geneous particles by settling, the determination of mass settling velocity, the influence of suspension density on the pro-
cess, and the applicability of classical hydrodynamics laws remain the least explored aspects. Often, free settling condi-
tions are used for calculating hydraulic separation processes, but this introduces significant error in the velocity magni-
tude, as, in practice, the process occurs under constrained conditions. The purpose of this work was to analyze the pat-
terns of constrained settling using the example of coal particle settling in fly ash suspensions from thermal power plants.
The article employs an original method for calculating the characteristics of suspensions and the velocity of constrained
settling depending on the density. Experimental data on the mass settling velocity of natural fly ash are presented, which
indicate the order of velocities and give grounds for the velocity calculation. Given the fine particle size of the ash, the
main focus was on the settling of fine coal in the ash. The analysis covered a database in which the characteristics of
suspensions and the velocity of constrained coal settling were determined by varying the density of the ash suspension
from 1.05 g/cm? to 1.3 g/cm?® and the size of the settling coal from 0.01 mm to 4 mm. The database was analyzed using
the Reynolds number and the applicability of Stokes' law and Lyashenko's law. It was found that the more dilute is the
suspension, the smaller is the particle size that follows Stokes' law, and the smaller is the range of particle sizes that
Stokes' law covers, and vice versa. For fine coal fractions of 0.001-0.1 mm, the numerical coefficient in Stokes' law de-
creases according to an inverse power law depending on the pulp density. The ratio of free to constrained settling veloci-
ties decreases according to a power law, similar to Lyashenko's law for porosity. The conducted research expands sci-
entific understanding of the processes of constrained settling, facilitates engineering calculations when designing hy-
draulic devices, and optimizes their operational modes.

Keywords: suspension, fly-ash, density, speed, constrained deposition.

1. Introduction

The processing and utilization of industrial anthropogenic waste is a pressing is-
sue today [1]. In this regard, significant attention is drawn to the multi-million-ton
deposits of waste from thermal power plants (TPPs), which consist of 80-90% fly
ash. The primary focus is on the use of ash as a building material in the production of
concrete, bricks, and other materials [2, 3]. Currently, only 10-12% of ash is used in
this way in Ukraine. The main obstacle is the high content of unburned coal in the ash,
up to 20-25%, whereas construction standards require it to be reduced to 5-10% [4].

At the IGTM of the NAS of Ukraine, methods and means for the hydraulic re-
moval of coal from fly ash are being developed by creating an upward flow in hy-
draulic devices [5]. Hydraulic methods, unlike flotation, are more cost-effective, pro-
ductive, and environmentally safe. Due to the upward flow velocity, lighter and finer
particles are carried into the overflow of the hydroseparator, while heavier and coars-
er particles settle into the sands. The relatively large working surface area of the de-
vices ensures high productivity. It is evident that the upward flow velocity should
match the settling velocity of the particle type and size that needs to be carried into
the overflow.

The determination of the constrained settling velocity of heterogeneous particles
in mineral suspensions (pulps) is an important theoretical and practical task. Based on
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this velocity, benefication indicators of mineral pulps are predicted, the design of var-
ious hydraulic separators is calculated.

A distinctive feature of the hydraulic separators is that for the same particle, the
settling behavior can shift from laminar to laminar-turbulent depending on the density
of the medium, making the commonly known free settling formulas [6] often inappli-
cable. The process of constrained sedimentation has been studied very little [6]. This
article examines the laws of constrained sedimentation using coal and quartz particles
in ash suspension for the implementation of a method of removing coal from ash due
to the upward flow.

The analysis of coal and quartz particle movement in ash was first investigated in
[7], but the density of the ash solid phase was assumed to be 2.98 g/cm?, which does
not correspond to the actual experimentally measured value of 2.0 g/cm? [8]. Addi-
tionally, the fundamental constrained settling patterns from the perspective of classi-
cal hydrodynamics, such as the features of Reynolds number, applicability of Stokes'
and Lyashenko's laws, remained undefined. The purpose of this work is to establish
the general patterns of constrained settling using the example of coal particle sedi-
mentation in fly ash suspensions from TPPs, which is required for design and re-
search work, development of methods and apparatus for hydroseparation of finely
dispersed mineral pulps.

2. Methods

The study employed original experimental and theoretical methods to determine
the characteristics of mineral suspensions and hydraulic settling processes [8—10], as
well as classical definitions and laws of hydrodynamics [6].

The research methodology used in the article pertains to the settling of coal in fly
ash suspensions from TPPs, but it is also suitable for analyzing settling in any mineral
suspension.

The methodology involves the sequential solution of the following tasks:

1. Experimental determination of the solid phase density of the composite fine-
grained mixture that constitutes the aqueous mineral suspension [8§].

2. Determination of the hydraulic characteristics of suspensions with specific den-
sity values [9].

3. For each density value, calculation of the constrained settling velocity of parti-
cles of a specific type at various sizes [10].

Based on this, a database is created to analyze the settling process, in which the
constrained settling velocity is determined for specific suspension densities and set-
tling particles at several given density values by varying the particle size.

The advantage over other research methods is that this methodology requires only
two experimental measurements: the solid phase density of the suspension and its
density or bulk weight, which can be easily measured by weighing a sample of the
suspension in a measuring container.

In the article, constrained settling is analyzed using the example of coal particles
with a density of 1.5 g/cm?, varying in size from 0.01 mm to 4 mm in a fly ash sus-
pension with a solid phase density of 2 g/cm® and a varied density of 1.05 g/cm? to
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1.3 g/cm?. The target function is the velocity. The obtained database was analyzed
using correlation analysis methods and the freely available Mc. Excel software pack-
age.

3. Results and discussion

Key definitions and formulas. For an arbitrary composite aqueous suspension con-
taining fine particles with different properties, the solid phase density p. is one of the
most important characteristics. In the study [7], it was shown that the theoretical de-
termination of p, is not adequate to the true density of the mixture. This indicator can
only be reliably determined experimentally by filling the gaps between the particles
with water. For fly ash from TPPs, authors established that p,, can be taken as 2 g/cm?
[8].

To calculate the constrained settling velocity for a given suspension density ps it
is necessary to know its hydraulic characteristics [9]. The concentration of the sus-
pension S is expressed through the volume fraction of liquid in the suspension g,
which is called porosity €. The kinematic viscosity v (when vo=0.01 cm?/c) and the
exponent A are also required. These indicators are determined by the formulas (1),

[9]:

_ . . n2 _
P ’?,ﬁ=1—e, V:VO_exp2.5 prO675-f \ Pr=Ps

O 1-0.609- B 0,

The characteristics of the medium are the same for the movement of different set-
tling particles, except for the parameter A, where the specific density of a particular
particle type is involved. For coal, this is p, =1.5 g/cm®. The characteristics of ash
suspensions with a solid phase density p» =2.003 g/cm? calculated according to for-
mulas (1) are presented in Table 1

Table 1 — Hydraulic characteristics of fly ash suspension, p»=2.003 g/cm?

Density, pe, Porosity €, Concentration, | Viscosity, v, .
g/cm? units B, units cm?/s Ac, units
1.05 0.95 0.05 0.01140 0.429
1.1 0.90 0.10 0.01314 0.364
1.15 0.85 0.15 0.01536 0.304
1.2 0.80 0.20 0.01822 0.250
1.25 0.75 0.25 0.02197 0.200
1.3 0.70 0.30 0.02697 0.154

To calculate the constrained settling velocity, we use the C. Ergun equation, the
justification for which is provided in [10]. Taking into account that g = 981 cm/s?, we
can write it in a simplified form for easier calculations:

w>-d+85.71-w-(1—-¢)-v—-560.57-d° & -A=0, 2)
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where w is given in cm/s, &— in cm.
Equation (2) in this study is solved both for w, and for d, when o is measured, the
parameters €, v, A are determined by formulas (1) and presented in Table 1.
Experimental part. To validate equation (2), experiments were conducted to
measure the mass settling velocity of ash. The results of the mass settling velocity
measurements are presented in Table 2 and in Figure 1.

Table 2 — Experimental determination of ash suspension characteristics and
mass settling velocity of natural ash, pm=2.003 g/cm?

Ps exper., g/ Cm3 & exper., units Q) exper., mm/s
1.31 0.69 0.15
1.23 0.75 0.22
1.21 0.79 0.26
1.15 0.83 0.35
1.11 0.87 0.53
@ 0.60
mm/s .
0.50
0.40 \\
L ]
0.30 \\
0.20 ~—,
0.10
0.00

1.1 1.15 1.2 1.25 1.3 1.35

P, g/em?

Figure 1 — Experimental dependence of the mass settling velocity of natural ash
on the density of the ash suspension

The data in Table 2 indicate a rather slow settling of ash even in dilute suspen-
sions. The dependence in Figure 1 is approximated by a shallow inverse power func-
tion:

Oprer. = 1,0654-p, "4 R?=0.976.

exper. —

Each density and velocity correspond to a characteristic size of ash, coal, and
quartz particles that settle all together. Therefore, using the velocity and data from
Table 2, the corresponding sizes of heterogeneous particles in the suspension were
calculated using formula (2). Here v was calculated using formulas (1), and the parti-
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cle density was taken as follows: for ash p,=2.003 g/cm?, coal p, =1.5 g/cm?, and
quartz p,=2.65 g/cm? (Table 3).

Table 3 — Characteristic sizes of heterogeneous particles during mass settling of ash

Ash Coal Quartz
PS exper., & exper., v, @ exper.,
g/cm3 units cm2/s mm/s | 4ash, | dash, Ac, dc, Ag, dq,

units | mm/s units mm/s | units | mm/s

1.31 0.69 0.02816 0.15 0.53 0.107 0.15 0.204 1.02 | 0.077
1.23 0.75 0.02197 0.22 0.63 0.083 0.22 0.125 1.15 | 0.054
1.21 0.79 0.01889 0.26 0.66 0.070 0.24 0.115 1.19 | 0.052
1.15 0.83 0.01642 0.35 0.74 0.059 0.30 0.081 1.30 | 0.039
1.11 0.87 0.01441 0.53 0.82 0.053 0.36 0.063 1.41 | 0.032
Average 0.075 - 0.118 - 0.051

The data in Table 3 show the difference in the characteristic sizes of ash itself and
the particles within it, even though they all settle at the same speed. Under the same
conditions, the quartz particles being settled are the largest, on average 2.3 times
larger than the coal particles. Important is that all sizes shown in Table 3 correspond
to the actual sizes according to the granulometric analysis of ash, which unequivocal-
ly confirms the validity of Ergun's equation (2).

Analytical part. To remove coal from ash using hydraulic methods, it is necessary
to analyze the settling patterns of coal in ash. For this purpose, a database was pre-
pared using Table 1 and equation (2), with the following parameters varied: coal size
1s 0.0014 mm with arbitrary steps, and density is 1.05, 1.1, 1.2, 1.3 g/cm’. Higher
densities are not analyzed because at 1.35 g/cm?, the aqueous ash mixture becomes a
moist mass and loses its suspension properties. The dependencies w= f(d) for coal
movement in ash are shown in Figure 2.
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Figure 2 — Constricted settling velocity of coal depending on size in ash suspensions
of different densities, ps
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The dependencies in Figure 2 have low approximation accuracy even with sixth-
degree polynomials, so each was divided into two parts—separately for fine fractions
(Figure 3, a) and separately for coarse fractions (Figure 3, b).
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Figure 3 — Settling velocity of fine (a) and coarse (b) coal ps

The dependencies for fine coal in Figure 3a are well approximated by a quadratic
parabola, meaning that the settling behavior follows Stokes' law:

K-d?
w = .
1%

Let k£ = K/v, so in further calculations, we will use the numerical coefficient for
d’, where k has the dimension of 1/mm-s.

Based on the obtained database, the value of k for each specific density was first
determined using an approximating quadratic correlation equation, and then refined
manually to ensure the best match with calculations using formula (2). The particle
size range where Stokes' law applies was established, and the calculated velocity
formulas were obtained (Table 4).

Table 4 — Stokesian constrained settling of fine coal (Figure 3a) in ash suspension

Pulp Density | Coal Size d, | Velocity Formula Viscosity v, For max size d, mm
ps, g/cm’ mm ®, mm/s mm?/s o, mm/s | Re= ®-d/v, units

1.05 d<0.1 391-d? 1.140 3.91 0.343
1.1 d<0.15 131-d 2 1.314 2.95 0.336
1.15 d<0.2 52.8-d? 1.536 2.11 0.275
1.2 d<0.3 22.8-d? 1.822 2.05 0.338
1.25 d<0.5 10-d 2 2.197 2.5 0.569
1.3 d<1.0 4.2-d? 2.697 4.2 1.557
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1.4 d<1.5 0.57-d? 4.327 1.28 0.445

Table 4 presents simple calculation formulas for Stokesian constrained settling of
coal for specific values of ash suspension density. When solving certain problems, it
may be necessary to determine the particle size for a given upward flow velocity in
the working zone of a hydraulic device. These dependencies for fine coal are deter-
mined from Table 4 as d = f(w)”’. At the same time, a restriction on velocity is estab-
lished according to the maximum particle size d, corresponding to a given density.

The velocity formulas from Table 4 are also suitable for the movement of hollow
microspheres—fused quartz particles with a density of 2.65 g/cm?, in which part of
the volume is occupied by air. The density of such a microsphere, like that of coal, is
1.5 g/cm?, and the percentage of air is determined as x in the equation: 2.65-(100-x)=
=1.5-100 and is equal to 43.4%.

Analysis of constrained particle settling from Reynolds number. Table 4 shows
the velocity and Reynolds number Re for the largest particles that fall within the
Stokesian range from column 2. These are the maximum limiting values of @ and Re.
It is known [6] that laminar motion according to Stokes' law occurs when the Reyn-
olds number Re < 0.5. However, Table 4 shows that the condition Re<0.5 can be vio-
lated, but the Stokesian settling law still holds.

It was established that for particles of a certain size, the dependence of Re on pulp
density follows a power law (Figure 4).
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Re, 0.9 \
unsts \
0.8 \ 3
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0.1
0.0

1 1,05 1.1 1.15 1.2 1.25 1.3 ps , g/em’
1-50 pm; 2 — 100 pm; and 3 — 150 um

Figure 4 — Reynolds number Re for different pulp densities during coal settling in ash
with particle sizes

The control value Re = 0.5, according to dependencies 1-3, is observed for a par-
ticle size of 50 um at any density, and for 100 pm at a density of 1.03 g/cm? and
higher, and for 150 pm at 1.08 g/cm? and higher. Under these conditions, Re<0.5, the
motion is laminar, and it follows Stokes' law.
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For coarse coal particles of 100-150 um at p; —1 (water density), Re > 0.5, and
the settling takes on a turbulent character.

Thus, for coarse coal particles, the Stokesian nature of motion is observed only
under conditions of increased ash suspension density.

It should be noted that settling in pure water is usually described by Stokes' law,
but this 1s not always accurate. For example, the free settling velocity of 1 mm quartz
particles in water, where v =0.01 sm?/s, is 9.5-10 cm/s [6, 10]. In this case, Re = 95—
100 units, meaning the settling does not meet the condition Re <0.5, it is not laminar,
and cannot be described by Stokes' law.

The fact that Stokesian settling of coal is observed under conditions of slightly in-
creased pulp density is explained by the mixed nature of the movement in constrained
conditions, which is both laminar and turbulent. Coarse coal can settle either with
flow separation from the particle or without it. Flow separation is characteristic for
turbulent movement and occurs in dilute suspensions for coarse particles. When the
density is slightly increased, settling can occur without flow separation, which is
characteristic for laminar movement.

Thus, the Reynolds number, as a criterion for the application of Stokes' law, is
conditional. As shown in Table 4, the condition Re<0.5 can be violated, but the parti-
cle's motion still follows Stokesian behavior.

Limitations on the application of Stokes' law. Table 4 shows that for each density,
the applicability of Stokes' law is limited by the particle size of coal. The higher is the
pulp density, the larger is the particle size for which Stokes' law applies. For example,
in dense suspensions of 1.3 g/cm? and 1.4 g/cm?, Stokes' law is valid for coal particles
ranging in size from 0.001 mm (10 pm) to 1 mm and 1.5 mm.

It 1s also important to note that Stokes' formula has limitations not only on the up-
per particle size but also on the lower size. It is not applicable when Brownian motion
dominates over settling motion, which occurs with coal particles of 5-10 um in size.
As the density increases, the numerical coefficient for d 2, as well as the velocity, sig-
nificantly decreases.

The following pattern was established: the more is diluted the suspension, the
smaller is the particle size for which Stokes' law applies, and the narrower is the size
range covered by Stokes' law, and vice versa.

Analysis of the numerical coefficient in Stokes' law. Fly ash pulp consists of parti-
cles with sizes up to 250 um. For particles of 100 um and smaller, a general law of
the numerical coefficient's decrease in Stokes' law with density can be established.

It was found that for fine coal fractions of 0.001—-0.1 mm, with increasing medium
density, the numerical coefficient in Stokes' law decreases according to an inverse
power law (Figure 5):

k

coal

=1188.6- p, % R?=0.9993.

A similar dependence was obtained for the settling of quartz particles with a size
of d<0.1 mm depending on the density of the ash suspension:
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=2918,5-p, 1786 R?=0.993.
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Figure 5 — Dependence of the numerical coefficient & in Stokes' law wcoat = k *d 2
on the suspension density for the movement of coal particles with size d<0,1 mm

Thus, the reduction of the numerical coefficient in Stokes' law according to the
inverse power law is of a general nature.

Comparison of free and constricted settling. 1t is known that the free settling ve-
locity according to Stokes is determined by the formula [6]:

2 _ 2
0=5.9" PrPs 544819 A (3)
18 v yo¥ 1%

where ® — cm/s, d — cm, g = 980.66 cm/s, v and 4. are given in Table 1.
Using formula (3) and the data from Table 1, the numerical coefficient for ¢° and
the ratio of free to constricted settling velocities were calculated (Table 5).

Table 5 — Comparison of free and constrained settling of coal in ash suspensions, pm =2 g/cm?

Pulp Density pe, Settling Velocity @, mm/s; d, mm Ratio of Free to Constricted Set-
g/cm? Free Constrained tling Velocities (Table 2)
1.05 204.89 -d? 391-d?, d<0.1 0.52
1.1 150.72 -d 131-d?, d<0.15 1.15
1.15 107.925 -d? 52.8-d?, d<0.2 2.04
1.2 74.74 -d 2 22.8-d?, d<0.3 3.28
1.25 49.6 -d*? 10-d %, d<0.5 4.96
1.3 31.08 -d? 4.2-d?, d<1.0 7.40
1.4 8.994 -d? 0.57-d2, d<l1.5 15.78

With increasing density, the difference between free and constrained settling in-
creases. For a typical density of hydraulic devices of 1.1+1.2 g/cm?, the free settling
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rate according to formula (3) is higher than constrained by 1.15 + 3.28, on average by
2.2 times. The dependence of the velocity ratio on density is shown in Figure 6.
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Figure 6 — Ratio of free to constricted settling velocities of coal
for different fly ash suspension densities

Regularity was established that for fine coal fractions with d<0.1 mm, the ratio of
free to constrained settling velocities increases according to a power law as the pulp
density increases:

[0
—Lre _03622-p,11%%,  R?=0.9964. (4)

constricted

Q

coal —

A similar pattern was obtained for the precipitation of quartz with a particle size
of d<0.2 mm, p,=2.65 g/cm:

w
= free  _03732.p,10414 R%=0,9948.

quartz .
Dconstricted

Thus, the power law of the ratio of velocities of free to constrained settling from
density is general.

Applicability of Lyashenko's law. According to the well-known law of
P.V. Lyashenko, the ratio of free to constrained settling velocities is given by [6]:

w free _ g—/i , ( 5)
Oconstricted
where ¢ 1s the porosity of the suspension (volume fraction of gaps between particles),
and the exponent 4 is determined experimentally and depends on many factors.

Based on the obtained data on coal settling in ash suspensions, a correlation de-
pendence was established:
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0O @ free
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Dconstricted

Thus, the application of Lyashenko's law (5) requires the determination not only
of A, but also of a constant numerical coefficient, as shown in (6).

The equation (4) obtained above is analogous to Lyashenko's law (6). The differ-
ence is that the density ps in equation (4) is easily measured by weighing a pulp sam-
ple in a liter container, whereas determining ¢ in equation (5) requires significantly
more measurements [8, 9]. The approximation accuracy of equation (4) is slightly
higher than that of (5), as indicated by the R’ value. For both equations (4) and (6),
the limitation on particle size shown in Table 4 must be met for a given density.

Thus, the analytical studies on constrained settling of coal in fly ash suspensions
allowed us to establish the limits of applicability of the quadratic Stokes law, derive
simple calculation formulas for this law for a given pulp density, establish the inverse
power dependence of the numerical coefficient in Stokes' law, and the power law of
the increase in the ratio of free to constrained settling velocities with increasing pulp
density. The obtained data simplify the calculation of constrained settling velocities
of coal in fly ash suspensions, which is necessary for designing and determining the
operating modes of hydraulic separators for cleaning ash from harmful coal impuri-
ties to use it as a high-quality building material.

= +=9014-77 R?>=0.989.  (6)

4. Conclusions

Gravity benefication methods for mineral processing are based on the different
settling velocities of particles of varying sizes and densities in aqueous mineral sus-
pensions. Correct determining the constrained settling velocity depending on pulp
density is a relevant scientific and practical task.

This study employs an original methodology for investigating constrained settling
across a wide range of mineral pulp densities with mixed laminar-turbulent flow be-
havior. It is for the first time when the following new results were obtained for con-
strained sedimentation.

It is shown that using the Reynolds number as a criterion for laminar flow is con-
ditional. For a given ash density and coal particle size, the criterion Re<0.5 can be
violated while maintaining Stokesian settling behavior.

The limits of the quadratic Stokes law's applicability for speed are established
with taking into account the density of the pulp. The inverse power dependence of the
reduction of the numerical coefficient in the Stokes law on the density is determined.
The power-law relationship between free and constrained settling velocities as pulp
density increases is determined.

The obtained results expand scientific understanding of constrained settling pro-
cesses. They are necessary for the development of new methods and devices for grav-
ity benefication. Specifically, they are used to calculate the design parameters and
operational modes of hydraulic separators for removing coal as a harmful impurity
from fly ash allowing the ash to be used as a building material.
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3AKOHOMIPHOCTI CTUCHEHOIO OCAIDKEHHA YACTUHOK Y BOOHUX MIHEPAJIbHUX
CYCHMEHSIAX PI3HOI TYCTUHU
LllesyeHko ., YonuwkiHa B., Kypinoe B., flinceka ., Maspow M.

AHotauis. LLBnakicTb 0CamKEHHSI YACTUHOK B MiHEPAbHUX CYCNEH3isX € BaXKMMUBUM MOKA3HUKOM ANs PO3paxyHKy
KOHCTPYKLLiT pi3HOMaHITHVX rigpaBnivyHMX anapaTis i NpUCTpoiB Ans 3barauyeHHs MiHepanbHUX Nynbm. Mpyu 4OCHImKEHHSIX
rpaBiTaLiiHOrO PO3AINEHHS PI3HOPIAHMX YACTMHOK LLUMSAXOM OCaIKEHHS HAMEHLL AOCTIIKEHUMI € NMUTAHHSA BU3HAYEHHS
LUBMAKOCTi MAacoBOr0 OCAMKEHHS, BNUBY NYCTUHW CYCMeH3ii Ha NPOLIEC, 3aCTOCOBHOCTI KNACUYHMX 3aKOHIB rigpoanHaMi-
kn. Hepigko ans o64McrneHHs NpoLecis rigpasnivHoi cenapauii 3aCTOCOBYHTb YMOBW BiflbHOTO OCaMKEHHS, ane Le BHO-
CUTb 3Ha4HY NMOXWUOKY Y BENWUYMHY LIBWAKOCTI 60 HA NPaKTULLi NPOLIEC NMPOTUKAE B CTUCHEHMX yMoBax. MeToto poboTtu GyB
aHarni3 3akoHOMIPHOCTEN CTUCHEHOrO OCAMKEHHS Ha NPUKNai OCaMKEHHS YaCTUHOK BYFiNNS B CYCNEH3iSX 3011 BUHOCY
TENNOBMX eNEeKTPOCTaHLi. B cTaTTi BUKOpUCTaHa aBTOPChbKA METOAMKA PO3PaXyHKY XapaKTepUCTUK CYCNEH3IN i WBWIKO-
CTi CTUCHEHOTO OCAXEHHS 3anexHO Big rycTuHW. MNpuBeaeHi ekcrnepuMeHTanbHi JaHi LWBMAKOCTI MacoBOr0 OCaMKEHHS!
HaTypanbHOI 3011 BUHOCY, KOTPI BKa3anu Ha NopsifoK WBWMAKOCTEN | apryMEHTYBanM po3paxyHoK WBMAKOCTI. 3Baxatouu,
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L0 KPYMHICTb 30/M Mana, OCHOBHA yBara npuainsnack ocageHHo ApibHoro Byrinns B 3oni. AHanisy nignarana 6asa
[aHUX B SIKiA Npu BapitoBaHHI rycTuHu cycnensii 3ommu 1,05+1,3 r/em? i kpynHocTi ocamxyeaHoro Byrinns 0,01+4 Mm
BM3HAYEHi XapaKTepUCTHKN CYCMEH3iN i LUBWMAKOCTI 10r0 CTUCHEHOrO OCapkeHHs BYrinns. BukoHaHo aHania 6asu gaHux
3a yncrnom PeliHonbAaca i 3aCTOCOBHICTIO 3akoHiB CTokca i JlsiweHka. BetaHoBneHo, Lo YuM BinbLu pigka CycneHsis, T
MEHLLA KPYMHICTb YaCTUHOK, pyX SIKUX MiAnopsakoByeTbCs 3akoHy CTOKCA i TMM MEHLUMIA Aiana3oH KpynHOCTi 3akoH CTo-
kca oxonntoe i HaBnaku. [Ans gpibHux knacis Byrinng 0,001-0,1 Mm uncenbHWin kKoedillieHT B 3akoHi CTOKCa 3anexHo Big
TYCTUHM NMyNbNM 3MEHLIYETHCA NO 3BOPOTHOMY CTEMNEHEBOMY 3aKOHY. BigHOWEHHS LBMAKOCTEN BIfIbHOMO i CTUCHEHOrO
OCa[PKEHHS 3aN1EXKHO Bif, MYCTUHU 3MEHLLYETLCA 3a CTENEHEBUM 3aKOHOM i aHanoriyHo 3akoHy JlsiLleHka Ans nopo3HOCTI.
MpoBeneHi AOCAIMKEHHS PO3LUMPIOKTL HAYKOBI YABMEHHS LWOAO NPOTIKAHHA NPOLECIB CTUCHEHOTO OCafKeHHs, obner-
LYHOTh iHXEHEPHI po3paxyHKu Npu NPOEKTYBAHHI rigpaBniYHMX anaparTis i onTuMisaLlii pexumis ix poboTu.
KntoyoBi cnoBa: cycneHsis, 3ona BUHOCY, LUiNbHICTb, LWBKUAKICTb, CTUCHEHE OCAKEHHS.





